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Drosophila Nicastrin Is Essential
for the Intramembranous Cleavage of Notch
two known Notch ligands in Drosophila, Delta and Ser-
rate, which are expressed on opposite sides of this
boundary (Micchelli et al., 1997).
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Although Notch activation can have a variety of ef-University of Cambridge
fects, the signal appears to be transduced by a con-Tennis Court Road
served pathway that involves the sequential processingCB2 1QR Cambridge
of the receptor itself. Notch is produced as a large pre-United Kingdom
cursor polypeptide that undergoes several modifica-
tions in the secretory pathway, such as glycosylation.
In vertebrates, its extracellular domain is cleaved by
Summary a furin-like convertase (S1 cleavage) to generate two
polypeptides that remain associated to form a hetero-
The catalytic subunit of -secretase is thought to be dimeric cell surface receptor, but it is not known whether
Presenilin, which is required for both the cleavage of this also occurs in Drosophila (Blaumueller et al., 1997;
APP and in the processing of Notch. Presenilin is found Logeat et al., 1998). Upon ligand binding, the extracellu-
in a multisubunit complex that also contains Nicastrin. lar domain is cleaved a second time (S2) by TACE, and
Nicastrin has been implicated in APP processing, but this removes the extracellular domain of Notch to pro-
its role in Notch signaling remains unclear. Here we duce a transient form of the receptor called NEXT (Notch
show that Drosophila Nicastrin is required for Notch extracellular truncation; Brou et al., 2000; Mumm et al.,
signaling, and acts specifically at the S3 cleavage step. 2000). NEXT then undergoes an intramembranous (S3)
Partially processed Notch accumulates apically in nic- cleavage to release the intracellular domain of Notch
astrin and presenilin mutant follicle cells. nicastrin and (NICD), which translocates to the nucleus, where it acts
presenilin mutations also disrupt the spectrin cy- as a transcriptional activator in association with Sup-
pressor of Hairless protein (Su(H); Jarriault et al., 1995;toskeleton, suggesting that the -secretase complex
Eastman et al., 1997; Kidd et al., 1998; Lecourtois andhas another function in Drosophila in addition to its
Schweisguth, 1998; Schroeter et al., 1998; Struhl androle in processing Notch and APP.
Adachi, 1998).
The S3 cleavage of Notch that releases NICD from the
Introduction membrane requires the eight-pass transmembrane pro-
tein Presenilin (Psn; Levitan and Greenwald, 1995; Struhl
Notch/Lin-12/Glp-1 define a family of proteins that are and Greenwald, 1999; Ye et al., 1999). Presenilins were
large, single-pass transmembrane receptors for ligands originally identified in humans because dominant muta-
of the Delta/Lag-2 and Serrate/Jagged families, and tions cause familial Alzheimer’s disease (FAD; Fraser et
mediate numerous cell-cell interactions during devel- al., 2000). AD is a progressive neurodegenerative dis-
opment (Greenwald, 1998; Artavanis-Tsakonas et al., ease leading to the most common type of dementia in
1999). The best-characterized function of this signaling adult life, and is associated with two hallmark lesions
pathway is in the process of lateral inhibition or lateral in neurons, intracellular neurofibrillary tangles and extra-
cellular amyloid plaques composed of deposits of Amy-specification, where a single cell from a cluster of equi-
loid (A) peptides. A are generated by the proteolyticpotential precursors signals to prevent its neighbors
processing of the amyloid precursor protein (APP;from adopting a particular fate. In the Drosophila em-
Bothwell and Giniger, 2000; Selkoe, 2001). Proteolyticbryo, for example, Delta signals from prospective neuro-
activities called -, -, and -secretases cleave APPblasts to activate Notch in the adjacent cells, thereby
sequentially. Cleavage by the -secretase releases twoinhibiting them from adopting a neural fate, and mutants
C-terminal forms of the A peptide, A40 and A42, in athat disrupt Notch signaling therefore result in a neuro-
ratio of 10:1 (Nunan and Small, 2000). The two fragmentsgenic phenotype in which almost all cells of the ventral
differ by only two amino acids, but have dramaticallyectoderm develop as neurons rather than epidermal
different in vivo properties. While A40 accounts forcells. Notch signaling serves a quite different function
most of the soluble pool of A peptides, A42 formsin the development of the egg chamber: at stages 5–6
the insoluble amyloid plaques. FAD-linked psn muta-of oogenesis, Delta signals from the germline to activate
tions alter the -secretase cleavage of APP to increaseNotch in all of the epithelial follicle cells that surround
the production of the A42 peptide. Psn inactivationthe germline cyst, and this induces these cells to stop
prevents A generation, and transition-state analog in-dividing and differentiate (Lo´pez-Schier and St Johns-
hibitors that specifically block -secretase activity bindton, 2001). Notch mutants also cause a haploinsufficient
directly to the active form of Psn (De Strooper et al.,dominant wing notching phenotype, and this reflects a
1998; Esler et al., 2000; Li et al., 2000; Zhang et al.,third type of function of this signaling pathway in speci-
1998). These results suggest that Psn is the catalyticfying the dorsal-ventral compartment boundary in the
subunit of -secretase, and that this enzyme cleaveswing. This is established by reciprocal signaling by the
both APP and Notch (Kopan and Goate, 2000).
-secretase fractionates as a high molecular weight
complex that contains several other proteins in addition1Correspondence: ds139@mole.bio.cam.ac.uk
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to Psn, which may also play a role in its enzymatic of Notch signaling. The cuticle fails to form except for
activity (Thinakaran et al., 1996; Capell et al., 1998; Yu a small patch on the dorsal side of the embryo, and
et al., 1998). One of these is human Nicastrin (Nct), a there is a hyperplasia of the embryonic nervous system,
single-pass transmembrane protein that copurifies with as revealed by a large increase in the number of cells
Psn, and binds to APP in vitro (Yu et al., 2000). Since expressing the neuronal marker MAb22C10 (Figures
the overexpression of dominant-negative forms of Nct 2A–2D). nctagro homozygous clones also produce the
reduces the cleavage of APP in tissue culture cells, it same phenotypes as Notch clones in other tissues. In
seems likely that it modulates the activity of -secretase. the wing imaginal disc, Notch signaling establishes the
These constructs have only a weak effect on Notch dorsal-ventral compartment boundary, which is marked
processing, however, although the protein associates by the expression of Cut protein (Micchelli et al., 1997).
with membrane-tethered Notch (Chen et al., 2001). Inde- In mosaic discs containing marked nct mutant clones,
pendent evidence for a role of Nct in Notch signaling Cut is not expressed in mutant cells along the boundary
comes from the analysis of mutants in the C. elegans (Figures 2E and 2F). Mutant clones also produce other
ortholog Aph-2, which disrupt two signaling events in typical Notch phenotypes, such as large notches in the
the early embryo that are mediated by the Notch homo- wing margin, thickening of the wing veins, and the loss
log Glp-1 (Goutte et al., 2000). Aph-2 does not appear or duplication of sensory bristles (Figures 2G and 2H,
to be required for other Notch signaling events, however, and data not shown).
and blastomere mixing experiments indicate that its ac- During stages 5–6 of oogenesis, Delta signals from
tivity can be provided either by the signaling or receiving the germline to activate Notch in the somatic follicle
cell. Since a component of the -secretase complex cells, inducing these cells to stop mitosis and differenti-
would be expected to act only in the latter cell, the role ate, and this provides an excellent system for determin-
of this protein in the Notch signal transduction pathway ing whether components of the Notch pathway are re-
remains unclear. quired in the signaling or responding cells. Whereas nct
germline clones have no effect on follicle cell develop-
Results ment, mutant follicle cell clones show an identical phe-
notype to clones of null mutations in Notch or psn. The
Identification and Characterization of a Null cells continue dividing after stage 6 of oogenesis, as
Mutation in Drosophila nicastrin (nct) shown by the expression of the mitotic marker phospho-
In a genetic screen for dominant enhancers of the ab- histone H3, and this causes an increase in cell number
dominal phenotype of barentsz1, we identified a lethal and decrease in cell size in mutant clones (Figures 2I
complementation group, originally named agoraphobic and 2J). Mutant cells also fail to differentiate, since they
(agro), which gives a very similar phenotype to Notch continue to express high levels of the immature follicle
mutants in follicle cell clones (Lo´pez-Schier and St Johns- cell marker Fasiclin III (Fas III), and never express any
ton, 2001; van Eeden et al., 2001). The mutations were markers of differentiated follicle cell types (Figures 2J
mapped to a small interval in 96B1-2 on the third chro- and 2K, and data not shown). For example, mutant
mosome, using a combination of meiotic recombination clones at the posterior of the egg chamber cannot adopt
with single-nucleotide polymorphisms (SNPs) and P ele- a posterior fate in response to the Gurken signal from
ment-mediated male recombination (Preston et al., the oocyte, and these cells therefore fail to signal back
1996; Martin et al., 2001). The only obvious candidate to the germline to polarize the anterior-posterior axis of
gene in this interval was CG7012, which encodes the the oocyte. As a consequence, the oocyte does not
homolog of Nct and Aph-2. This region was sequenced repolarize at stage 7, and the germinal vesicle fails to
in genomic DNA extracted from homozygous mutant migrate from the posterior to the anterior pole. This
embryos, and all seven alleles were found to have an
requirement for Nct is strictly cell autonomous, since
identical two-base insertion in the gene, which is not
mutant follicle cells always express Fas III, even in very
found in the parental chromosome or in other mutants
small clones (Figure 2K). Thus, nct is a novel neurogenicfrom the screen. This suggests that all of the alleles
gene that is required cell autonomously for the transduc-derive from a single original mutation, which we have
tion of the Notch signal in responding cells.renamed nicastrinagro (nctagro; Figure 1). Since this causes
a frameshift after amino acid 373 and deletes the
Nicastrin Is Required for the S3 Cleavage of NotchC-terminal 323 amino acids of the protein, including the
To determine where Nct acts in the Notch signal trans-putative transmembrane domain, this is very likely to
duction pathway, we took advantage of transgenicbe a null allele. Furthermore, a 7 kb genomic fragment
Notch constructs that bypass some of the processingspanning the nct transcription unit and 3.6 kb of 5 flank-
steps required for signaling: (1) as a control, we useding sequence rescues the lethality of nctagro and all of
hs-NFL, which expresses full-length Notch protein underits associated phenotypes, indicating that there are no
the control of a heat shock promoter. Like endogenousother mutations on the chromosome. This allowed us
Notch, the protein from this construct requires both theto test the role of Nct in Notch signaling in Drosophila,
ligand-induced S2 cleavage and the Psn-dependent S3and in particular to determine whether it is required for
cleavage for signaling; (2) hs-NECN is a deletion of thethe Psn-dependent S3 cleavage of Notch.
extracellular domain of Notch beyond the S2 cleavage
site, and therefore mimics NEXT. This protein signalsNicastrin Is Required for Notch Signal
independently of ligand, but still requires the S3 cleav-Transduction in Multiple Tissues
age to release the intracellular domain of Notch fromEmbryos that lack both maternal and zygotic nct display
a strong neurogenic phenotype associated with a loss the membrane (Lieber et al., 1993; Struhl and Greenwald,
Nicastrin Is Required for Notch Processing
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Figure 1. Genomic Organization of the nct
Transcription Unit and the Mutation Associ-
ated with the nctagro Allele
The nct locus is composed of seven exons,
spanning 3.4 kb of genomic DNA. The nctagro
allele contains a two-base pair insertion in the
fourth exon of the gene, creating a frameshift
that truncates the protein at amino acid 373
before the putative transmembrane domain.
The Nct protein is a 696 amino acid polypep-
tide with a conserved signal peptide (red box)
and a C-terminal transmembrane domain
(green box). It shows a low overall sequence
similarity to its mammalian and nematode
counterparts; however, some small regions
of the protein show higher sequence conser-
vation, including the DYIGS domain which is
deleted in the dominant-negative constructs
that inhibit APP processing in human cell
lines.
1999); and (3) hs-NICD expresses the intracellular domain Notch staining in response to Delta still occurs in Su(H)
mutant follicle cell clones, in which Notch signaling inof the receptor and requires neither ligand, the S2 nor
the nucleus is blocked (Figures 4C and 4D). The disap-S3 cleavages, for signaling (Lieber et al., 1993; Rebay
pearance of most Notch from the apical membraneet al., 1993; Figure 3A). The expression of hs-NFL has
therefore appears to be a direct consequence of ligand-no effect on the development of wild-type embryos,
induced processing, and is not due to downregulation ofwhereas hs-NECN and hs-NICD disrupt germ band retrac-
the receptor in response to the activation of the signalingtion because their ligand-independent signaling over-
pathway. In nct and psn mutant follicle cells, apical NECDactivates the Notch pathway (Figures 3B–3D). To test
staining disappears at stage 7 as it does in wild-type,which of these constructs requires Nct for signaling, we
indicating that the ligand-dependent S2 cleavage andexpressed each in embryos that lack both maternal and
subsequent degradation of NECD occur normally (Figureszygotic Nct activity. hs-NECN and hs-NFL have no effect
4E and 4F, and data not shown). Unlike wild-type cells,on the neurogenic phenotype of nct null embryos (Fig-
however, mutant cells accumulate a processed form ofures 3E and 3F). In contrast, hs-NICD expression strongly
Notch that can be stained with the anti-NICD antibody,rescues the nct phenotype: most embryos form patches
and this is concentrated at the apical side of the cells andof normal cuticle, and in some cases, the wild-type cutic-
in intracellular clusters that may be endocytic vesiclesular pattern is almost completely restored (Figure 3G).
(Figures 4G and 4J). Thus, nct or psn mutant cells canThus, the nct null mutation blocks Notch signaling after
transport Notch to the plasma membrane and processthe S2 cleavage but before the release of the intracellular
it to form a functional receptor that binds Delta anddomain from the membrane, indicating that Nct is re-
undergoes the S2 cleavage, indicating that both proteins
quired for the S3 cleavage, as is Psn.
are specifically required for the S3 cleavage, but not for
Presenilins and the human Nct associate with Notch any earlier steps in the pathway.
during its passage through the secretory pathway, rais- The processed form of Notch that accumulates on
ing the possibility that they also function in earlier steps the apical side of nct and psn mutant follicle cells pre-
in Notch processing. Since the experiments above only sumably corresponds to NEXT, which is the membrane-
reveal the last step at which these proteins are required, tethered product of the S2 cleavage and the substrate
we examined the behavior of Notch protein in the follicle for the S3 cleavage. To test this possibility, we probed
cells, where the downregulation of Notch in response Western blots of extracts from wild-type and embryos
to Delta binding can be visualized (Lo´pez-Schier and St lacking maternal and zygotic Nct or Psn with the anti-
Johnston, 2001). Notch accumulates on the apical side NICD antibody. In addition to the 300 kDa band that corre-
of these cells until stage 7 of oogenesis, when Delta sponds to the uncleaved form of Notch, nct and psn null
signals to trigger its proteolysis. Thus, Notch disappears embryos accumulate a 120 kDa species that is barely
from the apical membrane of cells that contact wild- detectable in the wild-type extracts (Figures 4K and 4L).
type germline cells, whereas high levels of apical Notch This band migrates at the expected size of NEXT and
persist in follicle cells that contact Delta germline clones, NICD, which cannot be distinguished on these gels as
and this can be detected with antibodies against both they differ by only 3 kDa. This band is unlikely to be
the extracellular (NECD) and intracellular domains (NICD) of NICD, however, because the results above demonstrate
that nct and psn block the S3 cleavage.the protein (Figures 4A and 4B). This reduction of apical
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varying sizes in the follicular epithelium (Figure 5). In
wild-type follicle cells, Psn protein shows a punctate
distribution in the cytoplasm that may correspond to the
endoplasmic reticulum, and localizes at the cell cortex.
When nct clones are analyzed early in oogenesis, the
mutant cells show a normal distribution of Psn, and
this is also the case for small clones in late-stage egg
chambers (Figures 5A–5E). In contrast, very large clones
in late-stage egg chambers show a strong reduction in
the levels of Psn (Figures 5F and 5G). Thus, Nct seems
to be required for the long-term stability of Psn in these
cells. Since small nct clones show a completely pene-
trant Notch loss-of-function phenotype but have normal
levels of Psn, this effect of Nct on Psn stability is unlikely
to cause the defect in Notch signaling in these cells
(Figure 2K).
nct and psn Mutants Disrupt
the Spectrin Cytoskeleton
During our analysis of follicle cell clones, we discovered
an additional function of Nct and Psn in the organization
of the submembranous spectrin cytoskeleton. In wild-
type cells, Heavy-spectrin (H-spectrin) associates with
-spectrin to form tetramers that localize to the apical
membrane, while the basolateral spectrin cytoskeleton
is composed of -spectrin/-spectrin complexes (Fig-
ures 6A and 6B; Dubreuil et al., 1997; Lee et al., 1997;
Zarnescu and Thomas, 1999). In psn and nct follicle
cell clones, H-spectrin does not localize to the apicalFigure 2. nct Produces Notch-like Phenotypes in the Embryo, Wing
Disc, and Ovary membrane (Figures 6A–6D). In contrast, -spectrin lo-
(A) Cuticle of a wild-type embryo showing the characteristic struc- calization to the basolateral membrane is unaffected in
tures of the head, filtzko¨rper, and ventral denticle belts. mutant clones (Figures 6E and 6F). The apical localiza-
(B) An embryo lacking maternal and zygotic Nct activity. The embryo tion of H-spectrin requires its association with -spec-
shows a typical neurogenic phenotype, in which only a small patch
trin and vice versa, and we therefore examined the distri-of cuticle forms on the dorsal side.
bution of -spectrin in follicle cell clones (Zarnescu and(C) A wild-type embryo stained for the panneural marker MAb22C10
Thomas, 1999). Surprisingly, both psn and nct mutant(red), which is expressed in the brain, ventral nerve cord, and periph-
eral nervous system. cells show an increase in the amount of cortical -spec-
(D) Mab22C10 staining of an embryo lacking maternal and zygotic trin, with the highest levels on the apical side (Figures
Nct activity. Many more cells are stained than in wild-type, showing 6G and 6H, and data not shown). -spectrin therefore
the extensive neural hypertrophy typical of a strong neurogenic
appears to be recruited to the apical membrane of mu-phenotype.
tant cells by a novel mechanism that does not require(E) A late third instar larval wing imaginal disc stained for Cut protein
its association with either  subunit, neither of which(red), which is expressed in a narrow stripe of cells along the dorsal-
ventral compartment boundary in response to Notch signaling. localizes apically in these cells.
(F) Cut staining (red) in a late third instar larval wing imaginal disc To test whether the mislocalization of - and H-spec-
containing an nctagro mutant clone, which is marked by the loss of trin in nct and psn mutants is a consequence of the
nuclear GFP (green; the white dashes indicate the extent of the
defect in Notch signaling, we examined the localizationclone). Cut is not expressed in nctagro mutant cells along the compart-
of both proteins in follicle cell clones of a null allele ofment boundary.
Notch (N55e11) and in wild-type cells that abut Delta mu-(G) A wild-type adult wing.
(H) A wing containing nctagro clones. The clones cause the typical tant germline clones (Figures 6I–6K and data not shown).
phenotypes associated with a defect in Notch signaling, such as H-spectrin is recruited normally to the apical membrane
wing blade scalloping and wing vein thickening (inset). in both cases, while -spectrin localizes uniformly
(I) A stage 9 egg chamber containing two psnC1 mutant clones in
around the cell cortex at the same level as in wild-typethe follicle cell layer, marked by loss of GFP (green). The mutant
cells. These results indicate that Psn and Nct have acells upregulate the immature follicle cell marker Fas III (red), and
novel function independent of their role in Notch signal-continue to divide, as shown by phospho-histone H3 staining (blue).
(J) An egg chamber containing a large nctagro mutant clone, which ing that somehow affects the organization of the spec-
shows the identical phenotype to psnC1. trin cytoskeleton.
(K) Close-up view of a two-cell nctagro mutant clone in the follicle The absence of apical H-spectrin in nct and psn mu-
cell layer, showing the cell-autonomous upregulation of Fas III ex-
tant cells suggested that their apical-basal polaritypression.
might be disrupted, and we therefore examined the lo-
calization of a variety of other polarity markers. The
overall polarity of the cells is unaffected in either nctPsn Is Unstable in nct Mutants
To investigate whether Nct is required for the localiza- or psn mutant clones, since Coracle, Neurotactin, DE-
Cadherin, Armadillo (-catenin), -catenin, and Notchtion or stability of Psn, we generated nctagro clones of
Nicastrin Is Required for Notch Processing
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Figure 3. Nct Is Required for the S3 Cleavage of Notch
(A) Diagram showing the steps in Notch processing and the structure of the hs-NFL, hs-NECN, and hs-NICD constructs (hs-NFL encodes full-length
Notch, and requires both the ligand-induced S2 cleavage and the Psn-dependent S3 cleavage for signaling. hs-NECN is an N-terminal truncation
near the S2 cleavage site, and signals in the absence of ligand, but still requires the S3 cleavage. hs-NICD is a cytosolic form of the receptor
lacking the extracellular and transmembrane domains, which does not require ligand or Psn for signaling).
(B) Lateral view of the cuticle of a 24-hr-old wild-type embryo, showing the mouth parts of the head (white arrowhead), filtzko¨rper (black
arrowhead), and the eight denticle belts.
(C) Wild-type embryo expressing the hs-NECN transgene, showing the characteristic germ band retraction defect associated with the overactiva-
tion of Notch signaling. The filtzko¨rper at the posterior of the embryo lie adjacent to the mouth parts in the head (black and white arrowheads).
(D) The same phenotype is seen in wild-type embryos expressing the hs-NICD transgene.
(E–G) nctagro null embryos expressing hs-NFL (E), hs-NECN (F), or hs-NICD (G) transgenes. Expression of NFL or NECN has no effect on the neurogenic
phenotype of nctagro, whereas NICD rescues cuticle formation.
itself are localized to the proper membrane domains in the Drosophila Nct ortholog has allowed us to test
the function of this protein in the Notch pathway more(Figures 6L and 6M, and data not shown). However, DE-
Cadherin, Armadillo, and -catenin accumulate to much directly. This analysis reveals that Nct is required for all
Notch signaling events that we have examined, includ-higher levels in mutant cells than in wild-type. These
three proteins are components of the Cadherin adhesion ing lateral inhibition during neurogenesis and wing vein
development, the formation of the dorsal-ventral wingcomplex, and are enriched at the sites of adherens junc-
tion formation at the apical margins of the cell. Their margin, the specification of cell types in the SOP lineage,
and the induction of follicle cell differentiation. This re-overaccumulation in mutant cells may therefore be
linked to the loss of apical H-spectrin and the apical quirement is strictly cell autonomous, and can be res-
cued by the expression of NICD but not by membrane-enrichment of -spectrin, although the nature of this link
remains unclear. tethered Notch with a truncated extracellular domain.
Thus, Drosophila Nct is essential for Notch signal trans-
duction in the responding cell, and acts at the level ofDiscussion
the S3 cleavage that releases NICD from the membrane.
This cell-autonomous requirement for Nct in all NotchNct was identified in human tissue culture cells as a
protein that copurifies with Psn-1 and appears to be an signaling in Drosophila contrasts with the results ob-
tained for the C. elegans ortholog Aph-2, which is re-essential component of the -secretase complex, since
overexpression of a dominant-negative Nct construct quired for only some Notch signaling events, and can
function in either the signaling or responding cell (Gouttestrongly inhibits the processing of APP. The same domi-
nant-negative construct has only a weak effect on the et al., 2000). The reasons for these differences are un-
clear, but suggest that the Notch processing pathwayS3 cleavage of Notch, however, suggesting that Nct may
be at least partially dispensable for this activity (Yu et may not be identical in the two organisms.
Since Nct associates with Psn and is required for theal., 2000; Chen et al., 2001). The isolation of a null mutant
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Figure 4. The Effects of nct and psn Mutants
on Notch Processing in the Follicle Cells
(A) A fused egg chamber containing a wild-
type germline cyst (left) and a DlM1 germline
clone (right, marked by the loss of nuclear
GFP; green) stained with an antibody against
the extracellular domain of Notch (NECD; red).
The follicle cells that contact the mutant cyst
do not receive the Delta signal, and this leads
to the apical retention of Notch that has not
been cleaved at the S2 site. An identical sig-
nal is seen with an antibody against the intra-
cellular domain of Notch (NICD; data not
shown). In contrast, the cells adjacent to the
wild-type cyst downregulate Notch in re-
sponse to Delta signaling, and lose staining
for both NECD and NICD.
(B) Boxed region in (A) showing the boundary
between the wild-type and DlM1 mutant germ
cells (dotted white line).
(C) An egg chamber containing a large
Su(H)del47 mutant follicle cell clone stained for
NICD (red), which does not accumulate in the
mutant cells.
(D) NICD staining in (C).
(E) An egg chamber containing a large nctagro
mutant follicle cell clone stained for NECD (red).
NECD does not accumulate in the mutant cells,
indicating that the ligand-dependent S2
cleavage has released the extracellular do-
main from the apical membrane, as in wild-
type.
(F) NECD staining from the boxed region in (E),
showing the boundary between the wild-type
and mutant cells (white dotted line).
(G) NICD staining of a stage 10A egg chamber
containing a small nctagro mutant follicle
clone. The antibody reveals an apical accu-
mulation of Notch in mutant cells that is not
seen with the NECD antibody, indicating that
this corresponds to a processed form of
Notch that lacks the extracellular domain,
which is presumably NEXT.
(H) Higher magnification view of the mutant
clone in (G). Some staining is found in parti-
cles inside the cell, which may be endocytic
vesicles.
(I) An egg chamber containing a large psnC1
mutant follicle cell clone stained for NICD (red),
which also accumulates NICD at the apical side
of the mutant cells.
(J) Boxed region in (I).
(K) Western blot of lysates from wild-type and
nctagro null embryos stained for NICD. In addi-
tion to the 300 kDa band that corresponds
to the uncleaved form of Notch, nctagro null
embryos accumulate a 120 kDa species that
migrates at the expected size for NEXT.
(L) nctagro and psnC1 null embryos accumulate
an identical 120 kDa band. The lower panel
shows an -Tubulin loading control.
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Figure 5. Psn Is Less Stable in the Absence
of Nct
(A) nctagro mutant follicle cell clones in the
germarium stained for Psn (red). The levels
and distribution of Psn appear unaffected in
the mutant cells (marked by the loss of nu-
clear GFP; green).
(B) Psn staining in (A).
(C) GFP channel showing the position of the
clone.
(D) Stage 10A egg chamber containing a
small nct mutant clone at the posterior pole,
stained with the same anti-Psn antibody. Psn
levels are only slightly affected.
(E) Psn staining in (D).
(F) Stage 10A egg chamber with a large nctagro
mutant clone, showing the strong reduction
in Psn staining.
(G) Psn staining in (F).
-secretase cleavage of APP in mammalian cells and plasma membrane through binding to its future sub-
the S3 cleavage of Notch in Drosophila, it appears to strate. A second possibility is that the active protease
be an essential component of both Psn-dependent pro- resides in an intracellular compartment, and that the
tease activities. As Psn itself is believed to be the cata- products of S2 cleavage of Notch is internalized and
lytic subunit of these proteases, the role of Nct in the transported to this site. Our analysis provides strong
formation of the active enzymes remains unclear. The evidence for the first model. Since Nct and Psn are
phenotype of mutant follicle cell clones argues against required for the S3 cleavage of Notch, the substrate for
a function in the trafficking of Psn complexes, because this cleavage, NEXT, accumulates in mutant cells. Most
small nct null follicle cell clones express normal levels of NEXT remains closely associated with the apical mem-
Psn, which shows a wild-type distribution. Nevertheless, brane, arguing against the existence of a major transport
these clones have a fully penetrant defect in Notch sig- pathway to an intracellular compartment. Although a
naling, indicating that Psn is unable to mediate S3 cleav- small amount of NEXT is found in intracellular clusters,
age in the absence of Nct. However, Psn levels are these do not correspond to the major sites of Psn local-
dramatically reduced in larger follicle cell clones, which ization, and may be endocytic vesicles. Furthermore,
have been mutant for nct for at least 5 days. Thus, recent data indicate that endocytosis is not required
Psn protein appears to decay gradually when Nct is not for the S3 cleavage of NEXT, because a membrane-
present, whereas the Psn-dependent proteolytic activity tethered Notch derivative lacking the extracellular do-
is lost much earlier. Nct has been reported to contain main can signal normally in shibire mutant embryos,
a domain that is found in amino peptidases, and it is in which Dynamin-dependent endocytosis is blocked
possible that it contributes in some way to the enzymatic
(Struhl and Adachi, 2000). Taken together, these results
activities of the complex (Fagan et al., 2001). Alterna-
strongly suggest that S3 cleavage occurs predominantly
tively, Nct may function as a substrate binding subunit,
at the plasma membrane.as it can be found in a complex with APP and Notch
Follicle cell clones mutant for either Nct or Psn haveunder extraction conditions where most Psn is removed
a more severe phenotype than that seen in Notch orfrom the complex (Yu et al., 2000; Chen et al., 2001).
Delta mutants, indicating that both proteins must havePrevious studies have shown that almost all Psn is
at least one additional function in these cells that isassociated with the ER and intermediate compartment
independent of their role in Notch signaling. One aspectand that there is little or no protein at the plasma mem-
of this phenotype is the overaccumulation of the compo-brane, where APP and Notch reside (Xia et al., 1998;
nents of the adherens junctions, DE-Cadherin, Arma-Kim et al., 2000; Lah and Levey, 2000). This discrepancy,
dillo, and -catenin, and this is probably related to thewhich has been called the “spatial paradox,” raises the
fact that both -catenin and the Armadillo orthologquestion of where in the cell the S3 cleavage occurs
-catenin associate with Psn in mammalian cells (Yu et(Annaert and De Strooper, 1999). One possible solution
al., 1998; Georgakopoulos et al., 1999). Although neitherto this paradox is suggested by the observation that
is required for the activity of the S3 protease or -secre-small amounts of Psn can be coimmunoprecipitated
tase, loss of Psn leads to an overaccumulation ofwith Notch at the cell surface (Ray et al., 1999). Both
-catenin in Drosophila embryos and mouse epithelialNct and Psn have been shown to interact with Notch in
cells (Noll et al., 2000; Xia et al., 2001). The precisethe secretory pathway, and a minor fraction of the S3
protease complex could therefore be transported to the function of Psn in -catenin regulation is unknown, but
Developmental Cell
86
the overexpressed protein in Drosophila psn mutant em-
bryos is associated with polyubiquitin-positive cyto-
plasmic inclusions, suggesting that Psn is required in
some way to regulate Armadillo degradation. Our results
show that Psn also regulates the turnover of DE-Cadh-
erin and -catenin. Furthermore, Nct is necessary for
this function, suggesting that it requires the formation
of the high molecular weight protease complex. Since
Psn is thought to mediate the proteolysis of membrane
proteins, one possibility is that it is recruited to DE-
Cadherin by binding to the catenins, and cleaves it to
trigger degradation. Alternatively, Psn could regulate
the turnover of the catenins in some other way, and their
overaccumulation in psn and nct mutants might then
lead to the stabilization of Cadherin complexes at the
membrane.
nct and psn mutants also disrupt the organization
of the spectrin cytoskeleton in follicle cell clones. This
phenotype is particularly puzzling, because the mutants
have opposite effects on the two subunits of apical
spectrin: H-spectrin disappears from the apical mem-
brane, whereas -spectrin accumulates all round the
cortex of the cell, but particularly at the apical side.
In wild-type cells, the apical localization of -spectrin
normally requires its association withH-spectrin to form
(H)2 tetramers (Thomas, 2001). Its apical localization
in mutant cells must therefore occur by a different mech-
anism from normal, and this may sequester it in a form
that cannot bind H-spectrin, which would account for
the failure of the latter to localize. On the other hand,
-spectrin must still tetramerize with -spectrin, be-
cause it shows wild-type localization to the basolateral
domain. It is unclear whether the defect in the spectrin
cytoskeleton is related to the overaccumulation of Cadh-
erin complexes, but it is intriguing that -spectrin accu-
mulates at sites where DE-Cadherin, Armadillo, and
-catenin are most enriched in nct and psn mutant cells.
Thus, this localization and stabilization of -spectrin
could be mediated through binding to some component
of these abnormal adhesion complexes. It is also possi-
Figure 6. Nct and Psn Are Required for the Normal Organization of ble, however, that the Nct/Psn complexes have multiple
the Spectrin Cytoskeleton functions in the follicle cells that independently regulate
(A and B) The apical localization of H-spectrin (red) is abolished in Notch signaling and the spectrin cytoskeleton and
nctagro mutant follicle cells (marked by the loss of nuclear GFP; Cadherin adhesion complexes.
green). A great deal of work is currently directed toward the
(C and D) psnC1 mutant follicle cells show a similar loss of H-spectrin discovery of drugs that inhibit -secretase activity, asfrom the apical membrane. (B) and (D) are enlargements of the
these may provide therapies for the treatment of Alzhei-clones in (A) and (C), respectively.
mer’s disease (Golde and Younkin, 2001). In this context,(E and F) Follicle cell clones of nctagro stained for -spectrin (red),
which localizes normally in mutant cells. (F) Shows the -spectrin it is essential to know whether the -secretase complex
staining in (E). has other activities besides its well-characterized roles
(G and H) A stage 9 egg chamber containing an nctagro mutant clone in the processing of APP and Notch, as the inhibition
stained for -spectrin (red). -spectrin accumulates to higher levels of these functions may cause harmful side effects. Our
in mutant cells, and is enriched apically. (H) Shows the -spectrin
results demonstrate that two components of the -secre-staining in (G).
tase complex, Nct and Psn, have at least one other(I–K) Follicle cell clones of a strong Notch allele (N55e11) stained for
function in Drosophila, and it will therefore be importantH-spectrin (I) and -spectrin (J). (K) shows the -spectrin staining
in (J). Both spectrins localize normally in Notch mutant cells, indicat- to determine whether this is conserved in humans. One
ing that the defects in nct and psn cells are independent of the hint that this may be the case comes from the recent
block in Notch signaling. observation that polyubiquitinated -spectrin accumu-
(L) A stage 9 egg chamber containing a large psnC1 clone stained lates in cytoplasmic inclusions in the brains of Alzhei-
for DE-Cadherin (red). Although DE-Cadherin shows the same distri-
mer’s patients (Sangerman et al., 2001). Thus, the humanbution in wild-type and mutant cells, the mutant cells contain higher
-secretase complex may also regulate the spectrin cy-levels of the protein. The inset on the right shows DE-Cadherin
toskeleton, and this raises the possibility that the disrup-staining of the border between the wild-type and mutant cells.
(M) A stage 10 egg chamber containing a large psnC1 clone stained tion of this regulation contributes to the pathology of
for Armadillo (-catenin; red). Alzheimer’s disease.
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Experimental Procedures anti-H-spectrin polyclonal (1/1000); rabbit anti--spectrin poly-
clonal (1/250; Byers et al., 1989); mouse anti-22C10 monoclonal
(1/100); mouse anti-Fas III monoclonal (1/10; Patel et al., 1987); andIdentification of the nctagro Mutation
nctagro was identified as a lethal complementation group in a genetic mouse anti-Cut monoclonal (1/50; Blochlinger et al., 1993). Cy5-
and Texas red-conjugated secondary antibodies (Jackson) werescreen for enhancers of the abdominal phenotype of barentsz1, a
mutation that strongly reduces the amount of oskar mRNA at the used at 1/200 dilutions.
posterior of the oocyte (van Eeden et al., 2001; R. Smith and D. St
J., unpublished results). These mutants do not affect the localization Acknowledgments
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